Here, we report on a novel method of incorporating carbon nanotubes into a polymer matrix by using carbon nanotubes as a chain transfer agent (CTA) in Reversible Addition-Fragmentation chain Transfer (RAFT) polymerisations. The dithioester RAFT agents were covalently linked to multi-walled carbon nanotubes (MWCNTs) via a method, which involved the reaction of acyl halide MWCNTs with a magnesium chloride dithiopropanoate salt. Polystyrene (PSt) was subsequently grafted from the MWCNT surface via the core-first technique, which implies an outward growth of polymer chains from the core, using the R-group approach. The structure and morphology of the hybrid nanomaterials were investigated using FTIR, NMR, thrmogravimetric analysis (TGA) and atomic force microscopy (AFM) techniques. The results showed that the MWCNT chain transfer agent could be successfully used to mediate the growth of polystyrene polymer from the MWCNT surface via the living radical polymerisation approach.
INTRODUCTION
Carbon nanotube/polymer nanostructured materials are of enormous importance because of their unique electrical, mechanical, optical and thermal properties. 1 In order to improve the dispersibility of carbon nanotubes within polymeric matrices, and hence their processability, a number of surface modifications of carbon nanotubes have been devised. 2 In particular, a variety of living free radical polymerisation methodologies have been applied since carboxyl-modified carbon nanotubes can be easily functionalised with groups (e.g. polymerisable groups; 3 initiating alkyl halides; 4 chain transfer agents 5, 6 ), which enable polymer chains to be grafted from their surfaces. Free radical polymerisation in the presence of RAFT agents has been used to produce polymers with narrow polydispersities. 7 Furthermore, the RAFT method is appealing as a polymerisation technique as it is known to be compatible with a wide range of monomers. 7 In addition, the polymerisation process does not require the use of transition metals, can be carried out in the absence of chemical or photoinitiators, and provides good control over polymer molecular weight in the presence of oxygen. 8, 9 The RAFT polymerisation process requires the use of compounds known as chain transfer agents (CTA), which are introduced with the monomer at the beginning of the reaction. CTAs, of the generic formula (S=C(Z)S-R), act to mediate the polymer chain growth as the polymerisation reaction proceeds. The success of the RAFT polymerisation process has been shown to be dependent on the nature of both the Z activating group 10 and the R leaving group associated with the CTA. 11 A simple representation of the mechanism of the RAFT process is outlined in Scheme 1. 12 At the beginning of the process, the CTA reacts with propagating oligomers (P n • -step 1), through its C=S bond leading to an intermediate radical species (step 2). Fragmentation of the transient radical immediately follows which generates an expelled radical R• species and a new thiocarbonylthio compound (steps 3 & 4) . R• then reacts with monomer to form a new propagating radical (P m •). Rapid chain-to-chain transfer of the thiocarbonylthio groups between dormant chains and radical 'active' arms ensures controlled/living growth of the chains during the polymerisation process (step 5). Since R is an homolytic leaving group, that is, it fragments to a free radical species, the expelled R• must be capable of reinitiating polymerisation in order to effect chain transfer. Stable, electrophilic and/or bulky groups are some of the requirements, which can lead to good leaving groups in CTAs. 7, 11 In this work we consider the effectiveness of MWCNTs as suitable R leaving groups for RAFT polymerisation. Dithioester, dithiocarbamates, trithiocarbonates and xanthates are among the various types of RAFT agents that have been reported. 12 Dithioester groups have typically been used for carbon nanotube/polymer synthesis. 6 The most common method reported for preparing either single-walled or multi-walled carbon nanotube-CTAs involves the reaction of acyl chloride modified carbon nanotubes with the hydroxyl group of bromoisobutyrate (ATRP) moieties (or the like) to provide a linker with which to attach a single dithioester group. 5, 6, 13 Most recently, we have shown that MWCNT-CTAs could be produced by the treatment of nanotubes with phosphorus pentasulphide, 14 and in a separate communication we reported the synthesis of bis-dithioester modified SWCNT-CTAs for potential use in RAFT polymerisations. 15 Herein we report the synthesis of bis-dithioester modified multi-walled chain transfer agents (MWCNT-CSSEt), and their subsequent application in growing polystyrene from the MWCNT surface via the RAFT polymerisation technique. The design of the MWCNT-CSSEt CTA is such that the MWCNT will act as an homolytic leaving group R in the polymerisation process, and that an outward growth of polymer chains from the core (core-first technique) will be realised ( Figure 1) . 
METHODOLOGY

MWCNT-COOH (2)
Two different oxidation treatments were employed to generate carboxylic acid functionalities on the pristine MWCNTs (1), followed by sonication in dilute acid in order to convert -COO -functionalities to the desired -COOH groups. In a typical procedure, pristine MWCNTs (500 mg) were refluxed in 60% HNO 3 (50 mL) for 20 hours. After cooling to room temperature the MWCNT-COOH mixture was first diluted with deionised water (100 mL) and then vacuum filtered through a 0.45 µm PTFE Millipore membrane and thoroughly washed with deionised water until neutral pH. The filtered solid was dried under vacuum for 24 hours at 50 o C prior to use in the next step. Nitric acid treated MWCNT-COOHs (100 mg) were suspended in 20 mL of a 7:3 (v/v) mixture of concentrated H 2 SO 4 (98 wt%)/HNO 3 (70%) and sonicated in a water bath for 3 hours. The obtained solid was collected by vacuum filtration and subsequently washed with deionised water. In a final step, the MWCNT-COOHs were sonicated in 2M HCl for 20 minutes to protonate any -COO -terminated groups of MWCNTs. The product (2) was dried under vacuum for 24 hours at 50 o C and stored in a desiccator.
MWCNT-COCl (4)
A 25 mL, round bottom flask (1-neck) was charged with MWCNT-COOH (2) (50 mg) and thionyl chloride (3) (5.0 mL; 6.85 x 10 -2 mol). The resulting suspension was sonicated for 1 minute. Dimethylformamide (4 drops) was carefully added to the sonicated suspension and a white gas (SO 2 (g)) was evolved. The mixture was stirred under nitrogen at 70 o C (oil bath) for 24 h. The MWCNT-COCl (4) solution was diluted with anhydrous THF (20 mL) and then filtered under vacuum through a 0.45 µm PTFE Millipore membrane and thoroughly washed with anhydrous THF (3 x 20 mL). (4) was transferred to a preweighed, 100 mL, round bottom flask (3-neck) and suspended in anhydrous THF (20 mL). The suspension was sonicated for 4 minutes and then used in 2.4.
Dithiopropanoic magnesium chloride salt (7)
Ethyl magnesium chloride (5) (2.0 M in THF, 2.01 x 10 -2 mol, 10.5 mL) was transferred to a round bottom flask (3-neck) under nitrogen. Carbon disulfide (6) (3.00 x 10 -3 mol, 2.3 mL) in dry THF (5.0 mL) was added dropwise into the flask over a 15 minute period. The solution went from a clear brown color to an orange/red color as the dithiopropanoate salt (7) formed. The product (7) was used in the next stage (2.4) without further purification.
1 H NMR (300 MHz, CDCl 3 ) δ H (ppm from TMS) 1.85 (3H, m, CH 2 CH 3 ), 4.22 (2H, m, SC(=S)CH 2 CH 3 ); FTIR (cm -1 ): ν = 2964 (CH 3 asymmetric stretch), 2920 (CH 2 asymmetric stretch), 2869 (CH 3 symmetric stretch), 2851 (CH 2 symmetric stretch), 1300 (S-C=S asymmetric stretch), 1070 (S-C=S symmetric stretch).
MWCNT-CSSEt (dithioester chain transfer agent) (8)
MWCNT-CSSEt (8) were prepared following a modified procedure described by Ellis et al. 15 Briefly, the round bottom flask containing the MWCNT-COCl/THF suspension (~50 mg -refer 2.2) was equipped with a nitrogen purge, magnetic stir bar and condenser. Dithiopropanoic magnesium chloride solution (~4 mL -refer 2.3) was added slowly to the reaction mixture, and the solution was stirred at reflux for 24 h. Diethyl ether (10 mL) and ice-cold demineralised water (10 mL) were carefully added to the solution, and stirred vigorously. The mixture was left to sit at room temperature overnight. (8) was collected by vacuum filtration through a 0.45 µm PTFE Millipore membrane, washed thoroughly with anhydrous THF, and dried in a vacuum oven (50 o C) overnight. FTIR (KBr, cm 
Synthesis of MWCNT-CSSEt-PSt (10)
MWCNT-CSSEt (8), styrene monomer (9) and solvent were added to a 25 mL dry, round bottom flask according to the quantities listed in Table 1 
Characterisation methods
1 H NMR was recorded on a Varian VXR-300 spectrometer at ambient temperature using CDCl 3 as a solvent. Fourier transform infrared (FTIR) spectra were recorded on a Nicolet Nexus 8700 FTIR spectrometer using the KBr disk method, and data analysis was carried out using the Omnic software package. Spectra were collected in the range 500 cm -1 to 4000 cm -1 with 4 cm -1 resolution and 64 scans. Thermogravimetric analysis was conducted using a TGA 2950 thermal analyzer (TA Instruments) using conventional mode operating from room temperature to 600 o C at a heating rate of 10 o C/min under 20 mL/min N 2 . In all analyses, approximately 4 mg of sample were used. Atomic force microscopy (AFM) tapping mode images were taken in ambient conditions with a multimode head and a Nanoscope IV controller (Digital Instruments, Veeco, Santa Barbara). Silicon cantilevers (Mikromasch) with fundamental resonance frequency of between 200-400 kHz were used. Images were obtained using a scan rate of 1 Hz with the parameters of set point, amplitude and feedback control optimised manually for each sample. The images presented have been flattened using Nanoscope 6 software.
RESULTS AND DISCUSSION
Synthesis of RAFT agent modified MWCNTs (MWCNT-CSSEt (8))
The synthetic plan for the preparation of the carbon nanotube-dithioester chain transfer agent (8) is shown in Scheme 2. Unlike other reported carbon nanotube RAFT agents, which entail the immobilisation of pendant dithioester compounds anchored via a linker previously attached to the nanotube's surface, 6, 13 this route involves the direct synthesis of bis-dithioester groups at the MWCNT surface thus providing a greater concentration of polymer grafting points per nanotube. In the first step, the reaction involved the synthesis of carboxylic acid-functionalised MWCNTs (2). Various oxidative treatment methods have been employed in order to generate carboxylic acid groups on both multi-walled and single-walled carbon nanotubes, e.g. refluxing in nitric acid or potassium permanganate/NaOH solution; sonicating in a sulfuric/nitric acid mixture. 16 These methods not only contrast in their ability to effectively oxidise the surface of the nanotubes, but also produce nanotubes of differing length distributions. For the purposes of this research, short nanotubes (< 500 nm long) with an abundance of -COOH functional groups were required. Figure 2 (A and B) shows a comparison of AFM images of MWCNTs after nitric acid reflux treatment only, and MWCNTs exposed to a '3-acid method' treatment, respectively. After oxidation in HNO 3 for 20 hours the average lengths of the MWCNT-COOHs were several micrometers, however, after further treatment with a sulfuric acid/nitric acid mixture (followed by HCl dispersion) the MWCNT-COOHs were on average only hundreds of nanometers long. TGA results gave further evidence regarding the percentage content of acid sites on the MWCNTs. Figure 3 shows TGA weight loss curves of pristine MWCNTs and MWCNT-COOHs after exposure to the different acid treatments. The weight loss of pristine MWCNTs was steady with no significant weight loss below 600 o C. The weight loss region below ~200 o C was assigned to the decomposition of free carboxyl groups on the surface of MWCNTs.
17 HNO 3 treated MWCNTs revealed at most a 1% weight loss over this region, whereas MWCNTs exposed to the '3-acid method' showed an approximate 6% weight loss. The '3-acid method' was therefore selected as the preferred oxidative method for preparing MWCNT-COOHs (2) in this work. Subsequent treatment of MWCNT-COOH (2) with thionyl chloride (3) converted the carboxylic acid functionalities to acyl chloride groups to give MWCNT-COCl (4). After removal of any excess (3) through copious amounts of washing, MWCNT-COCl (4) were suspended in anhydrous THF and immediately used in the next step. In a separate reaction flask, a magnesium chloride dithiopropanoate salt (7) was prepared by the dropwise addition of carbon disulfide (6) to an ethyl magnesium chloride Grignard reagent (5) solution. MWCNT-CSSEt (8) chain transfer agents were formed by reaction between MWCNT-COCl (4) with (7), followed by aqueous workup. The MWCNT-CSSEt (8) compound was characterised by FTIR spectroscopy (Figure 4 ) and the signals associated with the RAFT agent were clearly identified by a sharp peak at 3697 cm -1 , corresponding to the free O-H of the isolated tertiary alcohol, and the stretching vibration of the thiocarbonyl (C=S) around 1010 cm -1 . 
Preparation and characterisation of MWCNT-CSSEt-PSt via surface RAFT polymerisation
The preparation of MWCNT-CSSEt-PSt (10) through RAFT polymerisation was illustrated in Scheme 2. Table 1 lists the experimental conditions used to polymerise styrene monomer (9) , mediated by the MWCNT-CSSEt (8) chain transfer agent. All thermally initiated polymerisations were carried out at 100 o C for 24 or 48 hours either in solution or bulk conditions. For the bulk polymerisation reactions, the viscosity of the mixture increased dramatically over time. After the reaction was completed, the carbon nanotube-polystyrene mixture was diluted with 100 mL of CHCl 3 and sonicated for up to 30 minutes prior to vacuum filtration. The collected solid was further subjected to washing with copious amounts of anhydrous THF in order to ensure the sample was free from polystyrene, which was not grafted to the MWCNTs. The solid collected was either black or grey in colour depending on the amount of polystyrene grafted to the MWCNT surface. The chemical structure of MWCNT-CSSEt-PSt samples was characterised by 1 H NMR spectroscopy ( Figure 5 ). The spectral assignments supported the proposed structure, which are indicative of polystyrene covalently linked to the nanotube surface.
6 From a C 6.25 ppm correspond to the aromatic protons of the benzene rings, while the shift at ∂ = 4.85-4.65 ppm was assigned to the methine proton next to terminal sulfur. 18 Further characteristic peaks of polystyrene at ∂ = 1.71-1.23 and 2.25-1.71 ppm were assigned to the methylene (-CH 2 -) and methine (-CH(C 6 H 5 )-) protons, respectively. Proton shifts associated with the terminal ethyl protons were not identified, possibly due to NMR being insufficiently sensitive to identify these groups in the presence of polymer. 19 Alternatively, the relevant shifts may be masked under the broad polymer shifts. Notably, any free polymer and residual styrene monomer were removed during the filtration process. The relative amount (wt%) of polystyrene covalently linked to MWCNTs was determined from TGA ( Table 1 ). The content of polymer calculated from TGA data varied from 10 wt% to 64 wt%. Clearly, bulk polymerisation conditions yielded more grafted polystyrene to MWCNTs than did the solution polymerisation conditions. In addition, reaction time also had an effect on the polymerisation with the wt% increasing from 48% to 64% when time increased from 24 to 48 hours. o C difference between the decomposition temperatures of the PSt homopolymer and the attached PSt is due to a difference in polymer molecular weight, with the PSt homopolymer containing a higher molecular weight than the attached PSt. 
CONCLUSION
The preparation of bis-dithioester MWCNT chain transfer agent (MWCNT-CSSEt) was described in this report. Carboxylic acid functionalised MWCNTs prepared from a '3-acid' oxidative treatment method provided ideal precursors for synthesis of the RAFT agent. Thionyl chloride modified MWCNT-COOHs further reacted with a magnesium chloride dithiopropanoate salt resulting in MWCNT-CSSEt RAFT agents suitable for mediating controlled living radical polymerisations. The grafting of polystyrene from the surface of the MWCNT-CSSEts via the RAFT polymerisation technique was carried out using an excess of styrene monomer in both solution and bulk conditions. Bulk conditions showed the greatest grafting of polystyrene. The formation of attached polystyrene to MWCNTs was confirmed by NMR spectroscopy and thermogravimetric analysis. MWCNT-CSSEts were therefore considered useful chain transfer agents for mediation of RAFT polymerisations, whereby the MWCNT leaving groups generated radical R• species capable of efficiently reinitiating polymerisation.
